Liquid-liquid interfaces and nucleation in partially miscible Lennard-Jones ͑LJ͒ mixtures are considered using density functional theory. We present phase diagrams, interfacial liquid-vapor and liquid-liquid profiles, and gas-liquid as well as liquid-liquid surface tensions for two types of mixtures having different mixing rules for the LJ energy parameter. A simple local density approximation does not give oscillatory behavior at the liquid-liquid interface, but a more realistic weighted density approximation does show this behavior. Both approaches also give a total density minimum near the interface, comparable to that found in molecular dynamics and integral equation studies. Finally, we calculate the density profiles and free energies for critical nuclei in liquid-liquid phase separation.
I. INTRODUCTION
The structures of planar liquid-liquid interfaces have received recent attention in the form of molecular dynamics 1 and integral equation 2 studies. It has been demonstrated that the density profiles at such interfaces exhibit oscillatory structure, and that a strong minimum in total density appears at the interface between two immiscible fluids. In related work, the structures of nanometer-sized clusters composed of species with low mutual solubility have been investigated. These studies are especially interesting due to the experimental observation 3 that two vapors exhibiting a miscibility gap in the bulk liquid phase can form critical liquid nuclei at all compositions. A molecular dynamics study 4 demonstrated density oscillations and a minimum in the total density, qualitatively similar to those seen in bulk interfaces, in cylindrically symmetric clusters having one end enriched in one component and the other end in the other component. A square-gradient density functional approach to critical clusters composed of partially miscible species, 5 on the other hand, was capable of qualitatively explaining the nucleation observations, but neither density oscillations ͑other than those due to surface enrichment at the liquid-vapor interface͒ nor the total density minimum in the center of the clusters were seen.
In order to further study the nucleation behavior of partially miscible species, we have used density functional theory in both a local density approximation and a nonlocal weighted density approximation. We first look at the bulk phase diagram and the structure of the planar liquid-liquid interface in partially miscible systems; to our knowledge, no papers characterizing liquid-liquid interfaces at this level of theory have appeared. We then turn to the structure and free energy of small nucleating clusters of one phase surrounded by a bulk phase with a different composition. Both the local density approximation and the weighted density approximation produce a total density minimum at the interface, but only the latter ͑more accurate͒ approach gives the complex oscillatory structure seen also in simulations. The two methods give quite similar results for the free energy of the planar interface and for the critical nuclei.
II. DENSITY FUNCTIONAL APPROACH
Consider a simple model for a binary mixture with a Helmholtz free energy given by
with ␤ϭ1/kT, where k is Boltzmann's constant and T is the absolute temperature; F͓ i (r)͔ is a functional of i (r), the local average densities of particles of type i. The first term in this equation represents the ideal gas contribution to the free energy of the system, while the second term is the excess a͒ Also at: Department of Physics, P.O. Box 90014, University of Helsinki, Finland.
free energy of the hard sphere reference system in a weighted density approximation ͑WDA͒. 6 The third term introduces the effect of the long-range interactions, i j , between particles ij in a mean field approximation.
The excess free energy per particle ⌿͓ (r)͔ is assumed to be local in the weighted densities
͑2͒
with a packing fraction
for the particles of diameter ii , and a total number density
The weighting function w i (͉rϪrЈ͉) is chosen to be
͑5͒
where H(r) is the Heaviside step function, and d ii is the Barker-Henderson hard-sphere diameter of particles i. 7 In the particular case in which the weighting function w i (͉r ϪrЈ͉) is taken to be equal to the Dirac delta ␦(͉rϪrЈ͉), Eq.
͑1͒ reduces to the corresponding free energy in the so called local density approximation ͑LDA͒.
The equilibrium properties of the fluid can be obtained by minimizing the grand potential
͑6͒
at constant chemical potentials i , under appropriate boundary conditions. 8 The requirements
result in the Euler-Lagrange equations
with
that can be solved by standard numerical procedures. Equation ͑6͒ together with Eq. ͑8͒ determine the nature of the coexistence and critical manifolds for the binary mixture, and the density profiles i (r) for inhomogeneous equilibrium states. The surface tension of liquid-vapor or liquid-liquid interfaces of area A can be calculated by taking the grand potential difference
where ⍀ h ͓ i ͔ is the grand potential of the homogeneous phases at coexistence; similar calculations lead to the work of formation of the critical nuclei ⌬⍀* when working with metastable states. In this latter case, we found it convenient to work in a closed system with a fixed number of particles N i , volume V, and temperature T. 9 The solution profiles i (r) for the critical nucleus are then a minimum of the Helmholtz free energy in Eq. ͑1͒ when the system is constrained to have a fixed number of particles
͑11͒
When these conditions are combined with Eq. ͑8͒, the EulerLagrange equations for i (r) in a closed system result in
͑12͒

III. MODEL AND RESULTS FOR BINARY MIXTURES
Our model binary mixture is characterized by the Lennard-Jones ͑LJ͒ interaction potential
where ⑀ i j and i j are characteristic LJ energy and length parameters. We consider only the case of particles of the same size in our calculations ( ii ϭ), with energy parameters ⑀ 11 ϭ⑀ 22 . The values of the energy parameter ⑀ 12 , or of the mixing parameter ⌳*ϭ(⑀ 11 ϩ⑀ 22 Ϫ2⑀ 12 )/⑀ 11 , determine the mixing properties of the mixture of interest at a given temperature T*ϭkT/⑀ 11 . 5, [10] [11] [12] In the context of a conventional Weeks, Chandler, and Andersen ͑WCA͒ perturbation scheme, 13 the reference and perturbative potentials assume the form where r min ϭ2 1/6 is the distance at which i j LJ (r) exhibits its minimum. In the WCA approach, the reference system is replaced by a system of hard spheres with a temperature dependent diameter d(T*). This mapping from LJ to hard spheres in not unique; we follow Zeng and Oxtoby in their study of nucleation of LJ binary mixtures by taking 14 d͑T*͒ϭ a 1 T*ϩb a 2 T*ϩa 3 ͑14͒
with a 1 ϭ0.56165, a 2 ϭ0.60899, a 3 ϭ0.92868, and b ϭ0.9718. The Helmholtz excess free energy per particle of the reference hard sphere system ⌿͓ (r)͔ is taken to be that of the binary Carnahan-Starling forms of Mansoori et al. 15 that in our case reduces to
A. The phase diagrams
Binary mixtures with ⌳*Ͼ0 are characterized by a twodimensional liquid-liquid phase coexistence manifold in the temperature-activity space (T*,a 1 ,a 2 ) of the system, with a i ϭe ␤ i ; this surface is bounded by a line of triple points where the liquids coexist with a vapor. For symmetrical mixtures ( ii ϭ,⑀ ii /⑀ 11 ϭ1.0), the triple line ends at an upper critical end point ͑UCEP͒ for low values of ⌳* where the liquid phases become critical, and at a tricritical point for higher values of this mixing parameter. 16 Figures 1 and 2 show typical phase diagrams for LJ binary mixtures with ⌳*ϭ0.5 and ⌳*ϭ1.5. The liquid-vapor phase diagrams in Fig. 1 are represented as projections on a total density-temperature plane (ϭ 1 ϩ 2 ϪT*), while liquid-liquid phase diagrams in Fig. 2 are shown in a mole fraction-temperature plane (x 1l ϭ 1 /ϪT*). The liquidvapor coexistence curve for the fluid with ⌳*ϭ0.5 in Fig.  1͑a͒ shows a liquid-vapor critical point at a temperature T*ϭ1.28 and a UCEP at T*ϭ1.07, the latter of which is revealed by a dent in the liquid branch of the curve. Below this temperature, the mixture presents a liquid-liquid miscibility gap as shown in the phase diagram in Fig. 2 .
When the immiscibility of the two components is further increased ͑by increasing ⌳*͒, the dent in the phase diagram of Fig. 1͑a͒ leads to a sharp maximum on the liquid side of the phase diagram. At higher values of ⌳*, the UCEP and the liquid-vapor critical point merge into a tricritical point where the two liquid phases and the vapor become simultaneously critical. This is the case of the mixture with ⌳* ϭ1.5 whose liquid-vapor and liquid-liquid coexistence manifolds end at a tricritical point at T*ϭ1.78 ͓see Figs. 1͑b͒ and 2͔.
B. The liquid-vapor interface
Interfacial density profiles between coexisting phases can be calculated by solving Eq. ͑8͒ iteratively to find the equilibrium solutions at a given temperature and composition; the surface tension is then given by the grand potential difference in Eq. ͑10͒. We performed these calculations using both a weighted density approximation ͑WDA͒ and a local density approximation ͑LDA͒ in which i (r)ϭ i (r) is assumed in calculating the Helmholtz excess free energy per particle ⌿͓ (r)͔ in Eq. ͑15͒. Results from both approximations will be compared systematically in this paper.
In general, the WDA and LDA lead to similar liquidvapor density profiles, and corresponding surface tensions, for all mixtures with ⌳*Ͼ0 at high temperatures. Partially miscible mixtures tend to exhibit surface enrichment of the The behavior of the liquid-vapor surface tension ␥ as a function of temperature T* along the triple line for a mixture with ⌳*ϭ0.5 is illustrated in Fig. 3 . In this case, the mixture exhibits a UCEP at T*ϭ1.07 at which the rate of decrease of ␥ with T* changes drastically. This particular feature disappears in those mixtures whose triple line ends at a tricritical point.
Differences between the WDA and LDA results become stronger when the temperature is lowered. The vapor density increases faster at the interface in our WDA calculations and the density profiles become sharper. At very low temperatures the WDA profiles start showing weak density oscillations on the liquid side as depicted in Fig. 4 for a mixture with ⌳*ϭ0.5; similar behavior has been observed at the liquid-vapor interface in pure fluids. 17 Surface tensions calculated using the LDA are always higher than those from WDA, with an increasing difference ͑up to 10%͒ at lower temperatures ͑see Fig. 3͒ .
C. The liquid-liquid interface
We have also studied the properties of liquid-liquid interfaces along the triple line and, at higher pressures ( P* ϭ 3 P/⑀ 11 ), on the liquid-liquid coexistence manifold for several mixtures. For mixtures with ⌳*ϭ0.5, the vapor phase never intrudes between the coexisting liquids but a density minimum at the liquid-liqud interface is observed at all temperatures. The surface tension ␥ of the planar liquid-liquid interface decreases monotonically with T*, vanishing finally at the UCEP as shown in Fig. 5 . Both LDA and WDA calculations lead to similar results close to the critical point but larger deviations ͑Ϸ5%͒ are observed at low temperatures (T r ϭT*/T c *Ͻ0.5) where the WDA liquid-liquid density profiles start showing oscillatory structures with periods close to the diameter of the LJ spheres ͑see Fig. 6͒ .
As one increases ⌳* ͑towards more immiscible mixtures͒, a drying transition occurs for temperatures higher than a drying temperature T d * where the vapor phase at the triple point intrudes between the coexiting liquids ͑total drying͒. This is the case for mixtures with ⌳*ϭ1.5 that show a tricritical point at T c *ϭ1.78 and a drying transition at T d * ϭ1.15, beyond which total drying is observed at the liquidliquid interface. The drying transition shifts to higher temperatures when the LDA, instead of the WDA, is used to evaluate the liquid-vapor and liquid-liquid interfacial tensions. In general, the LDA leads to less sharp interfacial profiles but higher surface tensions ͑an increase of 5% to 10% as we move to lower temperatures͒; these effects are less pronounced than in liquid-vapor interfaces.
For mixtures with ⌳*Ͼ0, the WDA liquid-liquid density profiles exhibit oscillatory structures and a total density minimum at the interface ͑Fig. 6͒ comparable to those found in computer simulations 1 and integral equation studies 2 of systems that have either no attraction or only a weak attraction between unlike particles. The LDA, in contrast, does not lead to any oscillatory density pattern and shows a density gap between coexisting phases that tends to be less deep but broader than that of the WDA. Our study shows that the FIG. 7 . Density profiles for critical nuclei in a binary mixture with ⌳*ϭ1.5 at T r ϭ0.5, P*ϭ1.5, and ͑a͒ x a,2 ϭ0.8915, ͑b͒ x a,2 ϭ0.9628, ͑c͒ x a,2 ϭ0.9847. The liquid-liquid binodal is located at x a,2 ϭ0.5 and the liquid spinodal at x a,2 ϭ0.9999 in this system. LDA profiles correspond to the same thermodynamic conditions. WDA density oscillations become less pronounced as the temperature is increased along the triple line toward the drying transition, while the density gap between bulk liquids gets broader and deeper. Similar results are obtained when reducing the pressure P*, approaching the triple line along the liquid-liquid coexistence manifold at a constant temperature. The oscillations and the density are always reduced by increasing the temperature at constant pressure.
Oscillations in the density at liquid-vapor interfaces are not observed in our binary mixtures except at very low temperatures. Hence, the intrusion of the vapor phase at the drying transition destroys the oscillatory patterns and also changes the effect that immiscibility has on the structure of the density profiles at a given reduced temperature T r ϭT*/T c * . For high pressures P* our results show that the oscillations and the gap become more pronounced when ⌳* is increased at fixed T r * and P*. At low pressures, however, the proximity of the triple line and the possibility of crossing a predrying transition invert the trend: density oscillations are better defined in more miscible mixtures where there is no drying transition or where it occurs at higher temperatures.
D. Critical nuclei
The basic properties of the liquid-liquid interfaces in immiscible binary mixtures are reflected in the properties of those nuclei of a stable liquid phase, rich in one component, that start forming from a metastable liquid phase rich in the other. Critical droplets in mixtures with ⌳*Ͼ0 also exhibit oscillations in their density profiles whose particular features depend on the cluster size.
Assuming critical nuclei of spherical symmetry, one can find stable inhomogeneous solutions of Eq. ͑12͒ at a constant temperature T* and pressure P*. In this work, we consider the case of metastable liquid states rich in component 1 and follow the properties of the critical nuclei as a function of the activity fraction
where a i ϭe ␤ i and the chemical potentials i are given by Eq. ͑8͒. The values of the activity fraction x a,2 are not necessarily close to the values of the mole fractions x 2 ϭ 2 / in our nonideal mixtures.
Figures 7͑a͒-7͑c͒ show typical density profiles in a WDA for critical nuclei in an immiscible binary mixture as one moves from the liquid-liquid coexistence line towards the liquid spinodal. As can be seen, critical clusters exhibit a layered structure that is more prominent in the smaller clusters. The period of the density oscillations is very close to the diameter of the LJ spheres and these oscillations can induce a deep minimum or a sharp maximum in the density of particles at the center of the droplet depending on its size. LDA density profiles for the corresponding critical clusters are also shown in these figures for comparison.
The work of formation of critical clusters ⌬⍀* as a function of the activity fraction x a,2 for a binary mixture with ⌳*ϭ1.5 at T r ϭ0.5 and P*ϭ1.5 is shown in Fig. 8 ; results for the WDA and LDA are included in this figure. The WDA always leads to lower values of ⌬⍀* ͑between 5% and 10%͒ than the LDA and to smaller critical sizes under the same conditions. The difference between the results obtained by these two approximations diminishes when T* is increased or P* is decreased, conditions that reduce the size of the oscillations in the density profiles.
IV. CONCLUSIONS
Density functional theory ͑DFT͒ on different levels of approximation ͑LDA and WDA͒ has been applied to study the properties of planar liquid-vapor interfaces, liquidliquid interfaces and critical nuclei of one phase in the other in highly immiscible binary mixtures. Our results for the WDA are comparable with those obtained by molecular dynamics simulations of similar systems.
1 The theory predicts the appearance of oscillatory density profiles on each of the two sides of the liquid-liquid interface, and the presence of a density gap between the two liquids. Density oscillations at the interface give a layered structure to critical nuclei in metastable systems. Our approach allows us to explore how the structure and free energy of the interface change as a function of pressure, temperature, and miscibility of the two components. The size of the density oscillations and of the density minimum at the interface are highly affected by the proximity to a drying transition. Oscillations are dampened and the density gap becomes deeper and broader as the vapor phase starts intruding between the immiscible liquid phases. Our results also show that although DFT in a local density approximation ͑LDA͒ fails to reproduce the oscillatory patterns observed in the computer simulations, the deviations in its prediction of interfacial free energies are small except at very low temperatures or very high pressures. In the case of critical nuclei, differences in the calculated barrier heights to nucleation are important only for the very large clusters. 
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